Nonspecific inflammation in the transplant microenvironment results in β-cell dysfunction and death influencing negatively graft outcome. MicroRNA (miRNA) expression and gene target regulation in transplanted islets are not yet well characterized. We evaluated the impact of inflammation on miRNA expression in transplanted rat islets. Islets exposed in vitro to proinflammatory cytokines and explanted syngeneic islet grafts were evaluated by miRNA arrays. A subset of 26 islet miRNAs was affected by inflammation both in vivo and in vitro. Induction of miRNAs was dependent on NF-κB, a pathway linked with cytokine-mediated islet cell death. RT-PCR confirmed expression of 8 miRNAs. The association between these miRNAs and mRNA target-predicting algorithms in genome-wide RNA studies of β-cell inflammation identified 238 potential miRNA gene targets. Several genes were ontologically associated with regulation of insulin signaling and secretion, diabetes, and islet physiology. One of the most activated miRNAs was miR-21. Overexpression of miR-21 in insulin-secreting MIN6 cells downregulated endogenous expression of the tumor suppressor Pdcd4 and of Pclo, a Ca 2+ sensor protein involved in insulin secretion. Bioinformatics identified both as potential targets. The integrated analysis of miRNA and mRNA expression profiles revealed potential targets that may identify molecular targets for therapeutic interventions.
Introduction
Inflammation involves both the innate and adaptive immune systems following infection or injury. Deregulation of this process leads to chronic inflammation, generating a pathological response that favors destruction of the tissue involved [1] . Inflammation is the common denominator of several pathological conditions, including type 1 and type 2 diabetes. It also contributes to immune rejection in transplantation.
A plethora of proinflammatory mediators has been associated with toxicity and impairment of β-cell function [2] , including cytokines [3] [4] [5] [6] , hyperglycemia, and hyperlipidemia [7] [8] [9] . Inflammation plays key roles in islet engraftment and survival after transplantation. During the early posttransplant period, islet cells are exposed to noxious stimuli, activation of macrophages, local secretion of chemokines, tissue factor induction, and formation of reactive oxygen species (ROS) due to hypoxic conditions, all causing an impairment of engraftment and function [10] [11] [12] . The nonspecific inflammation generated in the transplant microenvironment triggers adaptive immune responses, negatively influencing graft survival [13, 14] .
Emerging evidence shows that small noncoding gene products, miRNAs, negatively regulate gene expression posttranscriptionally [15, 16] . MiRNAs play a critical role in inflammatory diseases [17] [18] [19] , in the vascular system [20] and diabetes [21] [22] [23] [24] [25] . In this study, we determined the expression signatures of miRNAs in islets exposed to proinflammatory conditions in vitro [2] or after transplantation. Locked Nucleic Acids-probe (LNA) MicroRNA hybridization arrays and significance analysis of microarray (SAM) identified miRNA subsets modulated by both experimental conditions. To identify genes that are directly targeted by these miRNAs, we performed bioinformatic analysis relating the miRNA expression profiles with genome-wide RNA (GWR) microarray studies focusing on inflammation of pancreatic β-cells [26, 27] .
This approach may lead to the development of molecular therapies to alter expression of involved miRNAs and their specific targets, which may enhance preservation of β-cell function and survival after transplantation.
Material and Methods

Islet Isolation.
Animal procedures were performed under protocols reviewed and approved by the University of Miami IACUC. Lewis rats (Harlan, Indianapolis, IN) of either sex were used as donors and recipients of islet cells. Islets were obtained by a mechanically enhanced enzymatic digestion using Liberase (Roche) followed by separation on discontinuous density gradients (Mediatech) [28] . After overnight culture at 37
• C, 5% CO 2 in supplemented CMRL-1066 medium (Gibco-Invitrogen), islet aliquots were prepared in non-treated tissue culture dishes for in vitro or transplantation experiments.
Islet Exposure to Inflammation In Vitro.
After overnight culture, isolated islets were exposed in vitro to a proinflammatory cytokine cocktail [29] . Briefly, recombinant human cytokines utilized in combination were as follows: interleukin-1-beta (IL-1β; 50 U/mL), interferongamma (IFN-γ; 100 U/mL), and tumor necrosis factor-alpha (TNF-α; 2,000 U/mL), all from R&D Systems. Islets were exposed to the treatment for 6 and 18 hours. In selected experiments aimed at dissecting the role of NF-κB pathway in cytokine-induced islet miRNA expression, islets were pretreated for 2 hours with the NF-κB inhibitor Bay11-7082 (5 uM), which inactivates IκB-α phosphorylation, and then cultured with the cytokine cocktail for additional 6 hours. Untreated islets cultured in parallel were used as controls. At the end of the incubation period, islets were collected in saline solution, and then stored in RNALater until processed for molecular arrays.
Islet Transplantation and Graft
Recovery. Islet aliquots (∼3,000 IEQ each) were transplanted under the kidney capsule, as described [14] . After three days, islet grafts were collected by careful dissection from the renal subcapsular space and stored in RNALater for molecular arrays.
Overexpression of miR-21 in MIN6
Cells. The MIN6 cells were transfected with 200-400 nM mimic miR-21 (Dharmacon) or 200-400 nM irrelevant control using transfection reagent "Dharmafect" following the manufactures instructions. Mimic transfected cells and their controls were cultured 48 hours, harvested and subjected to qRT-PCR.
LNA-Oligonucleotide-Probes-Based Hybridization Arrays.
RNA was labeled (Hy3 or Hy5 fluorescent dye) using the miRCURY LNA Array Power labeling kit (Exiqon). The labeled RNA molecules were hybridized to the miRCURY LNA Array slides (Exiqon) that contain capture probes for 279 rat microRNA genes complementary to mature miRNAs, registered in miR-Base Release 9.2. After hybridization, the chips underwent image acquisition (Scanner Axon model 4100A; Molecular Devices) and the data analyzed using GenePix Pro 6.0 image analysis software. Replicate hybridizations of the same control/experimental samples were performed utilizing the two-color "dye flip reversal method." This experiment was repeated with 3 samples for a total of six hybridizations.
The averages of both hybridizations (Hy3/Hy5 and Hy5/Hy3) for three samples were analyzed by Significant Analysis of Microarray (SAM). Only miRNAs detected in both dye flip reversal were included in the analysis. SAM calculates q-values, a measure of significance based on False Discovery Rate concept for genome-wide association studies [30] . To increase the stringency of the analysis only samples with q = 0 were considered.
Quantitative RT-PCR.
Total RNA was isolated from transplanted islets using the mirVana miRNA Isolation kit (Ambion). The isolated RNA can be used for miRNA as well as mRNA analysis. cDNA synthesis and PCR amplification were performed according to the manufacturer's protocol (Applied Biosystems). MiRNA profiling was performed using micro-fluidic cards TaqMan Low Density Array (TLDA, v1.0) for rodent miRNAs, which allow quantitative assessment of 365 miRNAs using the AB7900 instrument (Applied Biosystems). Quantification of miR-21 and mRNA was carried out in a 7500 Fast Real-time PCR system, utilizing TaqMan reagents (Applied Biosystems) using (RQ) values. RQ represents the fold changes of expression between control and treated samples, for example, nontransplanted islets versus transplanted islets. RQs were calculated with the Applied Biosystems SDS software. The number of amplification cycles, Ct, is normalized to endogenous control 18S rRNA for the TLDA, and beta-actin and snoRNA135 for mRNA and miR-21 assessments, respectively.
Results
MicroRNA Expression in Islets after
In Vitro Treatment with Proinflammatory Cytokines. Inflammation can be mimicked in vitro by exposing islets to proinflammatory cytokines. Specifically, IL-1β induces functional impairment and cell death in cultured islets [31] , while TNF-α and IFN-γ enhance cytotoxicity [32] . The miRNA expression patterns in rat islets exposed to cytokine cocktail [IL-1β (50 U/mL), TNF-α (2000 U/mL), and IFN-γ (100 U/mL)] for either 6 or 18 hours (n = 3) were assessed by LNA-(locked nucleic acids) based microarray analysis, using Exiqon chips. We chose the LNA probes because of their accurate sequence discrimination and strong hybridization [33] . They are comparable to the emergent next-generation sequencing (NGS) high throughput miRNA profiling via RNA sequencing [34] .
The maximum cytokine effect on miRNA profiles occurred 6 hours after treatment, while after 18 hours the effect was markedly reduced (data not shown). The results obtained from the miRNA microarrays (n = 3) were analyzed by SAM [30] , adopting a q = 0. Q-values correspond to the P values adapted to the analysis of a large number of genes; q = 0 is the minimum false discovery rate and refers to the chance that a given miRNA is a false positive (fold changes greater than 2.0). We identified a pool of 64 miRNAs ( Table 1 ). The NF-κB pathway has a critical role in cytokine-induced islet cell death [35] . Therefore, we investigated if the cytokine-mediated induction of miRNAs was also dependent on NF-κB activation in our study. Islets were pretreated for 2 hours with the NF-κB inhibitor Bay 11-7082 that inactivates IκB-α phosphorylation [36] and then cultured with the cytokine cocktail. The high throughput miRNA assay using the Exiqon platform with SAM showed that blocking of NF-κB pathway caused significant reduction (on average more than 50%, range 24-72%) in the activation of most miRNAs tested (Table 2) .
Islet miRNA Expression after Transplantation.
Islet cells are exposed to multiple insults after transplantation [37, 38] . To investigate the effect of in vivo inflammatory milieu on the expression of islet miRNAs, we transplanted rat islets under the kidney capsule of syngeneic recipients, an experimental model well suited to study early inflammatory events. Since the implanted islets remain in a well defined mass under the kidney capsule, they can be easily retrieved with minimal contamination from surrounding tissue for molecular evaluation [39] . The grafts were retrieved. MiRNA expression on islet grafts explanted 3 days after transplant (n = 3) was analyzed using LNA (Exiqon) microarrays and subsequent SAM. Nontransplanted islets taken from the same isolation served as controls. Explanted grafts yielded a pattern of 31 miRNAs with altered expression: 26 of them were upregulated and 5 downregulated. PCR-based TaqMan Low Density Arrays confirmed the expression of 11 miRNAs. Comparing the miRNA patterns of expression in the in vitro and in vivo experiments, we retrieved a subset of 26 miRNAs commonly regulated under both experimental conditions, 24 were upregulated and 2 downregulated (Table 3) . Eight miRNAs from the PCR-confirmed 11 miRNAs, are common to both in vitro and in vivo inflammation conditions; 7 upregulated (miR-21, miR-98, miR-27a, miR-143, let-7d, miR-126 and miR-22) and one (miR-129) downregulated ( Table 3 ).
Inflammation-Induced miRNAs and Identification of
Their Potential Targets. MiRNAs downregulate their target mRNA levels causing inhibition of translation [40] . Furthermore, a recent study showed that destabilization of target mRNAs is the major reason for reduced protein expression mediated by miRNAs [41] . To identify potential miRNA targets, we integrated our high throughput miRNA expression data with previously published transcriptome studies. We expected that upregulated miRNAs would correspond to downregulated RNA targets and vice versa. Specifically we looked for inverse association between the expression of islet miRNAs modified by inflammation via both in vivo and in vitro conditions and the algorithmpredicted target genes found in a genome-wide mRNA (GWR) expression studies by Ortis et al. [27] . These authors studied the modification of genes in primary rat β-cells exposed in vitro to combination of the same cytokines we used in our study, namely IL-1β + IFN-γ or TNF-α + IFN-γ [27] .
Two of the most commonly used computational miRNA predictive target programs are miRANDA and PicTar [42] [43] [44] . It has been shown that perfect "seed" pairing is important for miRNA target recognition and predictability. The "seed" is the sequence corresponding to nucleotides 2-7 of the miRNA's 5 region [45] . The predictions by PicTar have a higher degree of overlap because these algorithms are based on stringent "seed" pairing, unlike miRBase that employs moderate "seed" pairing [46] . It has been reported that prediction of targets did not improve by using overlapping algorithms [47] . For that reason, rather than selecting the common targets to both algorithms, we chose PicTar algorithm to match upregulated miRNAs (miR-21, miR-98, miR27a, miR-143, let-7d, miR-126, miR-22) with downregulated putative targets in Ortis et al. and vice versa ( Table 4) . The PicTar algorithm identified 202 downregulated mRNAs which according to Ortis' study are potential targets for either of the above-mentioned upregulated miRNAs, and 36 upregulated mRNAs the possible targets for downregulated miR-129 (Table 4) . From the 202 downregulated genes, 108 are targeted by one miRNA, and the rest are targeted by multiple miRNAs (data not shown). Interestingly, 30 genes are associated with regulation of insulin signal transduction pathways, development, and function of pancreatic islets, insulin secretion, and insulin resistance ( Table 4) . 
Regulation of Endogenous mRNA by miR-21.
To further test whether some of these 30 genes (Table 4) could be associated functionally with specific miRNAs, we studied selected miRNA overexpression effect on putative endogenous mRNA targets in the mouse insulin-secreting cell line MIN6. Since miR-21 was identified as the most reproducibly induced miRNA in vitro and in vivo, with the highest score "d" in SAM analysis (Table 3) , we focused on this miRNA. Programmed cell death 4(Pdcd4) and Piccolo (Pclo) are miR-21 potential targets (Table 4) . Pdcd4 is a tumor suppressor gene that inhibits neoplastic transformation, tumor progression, and translation. It has been identified as miR-21 target in several systems [84] . Pclo is a high molecular weight (550 kDa), multidomain protein functioning as a scaffold for proteins involved in synaptic vesicle endo-and exocytosis near their site of action. Pclo is proposed to function as Ca 2+ sensor protein in cAMP insulin secretion in islets [50] . In vitro treatment of MIN6 cells with cytokines induced the expression of miR-21 ( Figure 1(a) ). Overexpression of miR-21 achieved by the addition of a mimic miR-21, but not of an irrelevant mimic miRNA (control), decreased the expression of both Pdcd4 and Pclo mRNAs in MIN6 cells (Figure 1(b) ). It has been described that Pclo consists of two major splicing versions: V1 and V2 [85] . Their biological role is not currently known. Only V2 has an miR-21 recognition site in its 3 UTR. The miR-21: Pclo interaction site has a mismatch in the "seed" region; however, it displays a more extensive base pairing at the 3 end of the miRNA (Figure 1(c) ). Semiquantitative PCR analysis showed that Pclo V2 is predominant in MIN6 cells (Figure 1(d) ). Therefore, we could confirm the specificity of miR-21 to induce downregulation of endogenous Pclo in β-cells. These results suggest that in pancreatic islets miR-21 targets both Pdcd4 and Pclo genes.
Discussion
Islets of Langerhans are highly vascularized endocrine cell clusters located in the pancreas. The islet isolation process utilizes fragmentation of the gland to free the islets from the surrounding tissue, which results in a loss of vascular support. Consequently, the islets undergo hypoxic stress that persists until full revascularization in the recipient's microenvironment is completed, which may last several weeks [86] .
Multiple factors, such as the duration of organ ischemia and the islet isolation process, contribute to activation of stress-induced signal transduction pathways and generation of inflammation mediators by islet cells [28] . Thus, islet cells participate actively in the initiation of local inflammation, which is further triggered by the transplant procedure. These responses may further amplify adaptive immunity responses after transplantation resulting in impairment of β-cell function and viability. Modulation of inflammatory responses in the early peritransplant period is associated with improved islet engraftment and function in both experimental and clinical settings. The purpose of our study was to identify islet microRNAs modulated in vitro and in vivo by inflammatory events. In the clinical settings, the islets are implanted into the hepatic portal system where they are exposed to blood, ischemia and activation of endothelium all contributing to the inflammatory reaction elicited in the transplant microenvironment. Unfortunately, it would be quite cumbersome to retrieve the graft from the liver for molecular analysis without introducing important biases (i.e., enzymatic digestion and purification to collect the islets otherwise randomly distributed into the liver parenchyma). Conversely, despite lacking key features of the intrahepatic site, the kidney subcapsular space allows the easy retrieval of the grafted tissue for molecular analysis with minimal manipulation. The molecular pathways involved in islet cell response to inflammation during the peritransplant period are yet to be fully understood. Transcriptome analysis of explanted islet grafts has revealed a key involvement of NF-κB pathway as an initial adaptation response to the new microenvironment and the underlying tissue remodeling during the peritransplant period [87] .
The emerging role of miRNAs as master regulators of gene expression has opened new avenues toward the thorough understanding of cellular responses under various physiological and pathological conditions. Indeed, herein we report that miRNAs expression is regulated by the inflammatory milieu generated in transplanted islets. We have identified a pool of 26 miRNAs commonly affected by inflammation both in vivo and in vitro, suggesting their association with the intrinsic basic molecular mechanism determining the fate of islet grafts in the early posttransplant period.
Our study includes an integrated evaluation of miRNAs and mRNAs gene expression in insulin secreting cells along with functional studies identifying new targets for miRNAs activated by proinflammatory cytokines. Induction of miRNA transcription was partially dependent on activation of NF-κB, a transcription factor with a critical role in β-cell apoptosis mediated by proinflammatory cytokines (Table 2 ) [35, 88] . The convergence of miRNAs and NFκB signaling pathway has been recently established [89] . Using quantitative PCR-based high throughput analysis, we have confirmed upregulation of 7 (miR-21, miR-98, miR-27a, miR-143, let-7d, miR-126, and miR-22) and downregulation of 1 (miR-129) miRNAs out of the 26 activated miRNAs identified in our settings. The relatively low number of miRNAs confirmed by RT-PCR in our study might be due to the low reproducibility of miRNA profiling interplatforms [90] . This may also explain why miRNAs previously reported in islets upon in vitro cytokine exposure, such as miR-146 and miR-34a, were not confirmed in our study [25] . Some of the 8 miRNAs have been reported previously in studies related to islet physiology or diabetes. MiR-21 has a potential role in diabetic nephropathy [91] . Low plasma levels of miR-21 and miR-126 have been detected in patients with type 2 diabetes [92] . In agreement with our results, cytokines increased miR-21 expression in β-cells, while miR-21 downregulation conferred cytoprotection to islets exposed to IL-1β in vitro [25] . The expression patterns of miR-27a varied with hyperglycemia in the Gyoto-Kakizaki rat [5] , and miRNA-143 overexpression inhibited insulinstimulated AKT activation and resulted in impaired glucose metabolism [93] . Our results suggest that overexpression of miR-21 in MIN6 cells could regulate the expression of Pdcd4 and Pclo steady-state mRNA levels. The tumor suppressor proinflammatory protein Pdcd4 promotes activation of the transcription factor NF-κB [94] . Downregulation of Pdcd4 Table 4 : Genes identified as potential miRNA targets by PicTar algorithm. Genes in bold font are associated with regulation of insulin signaling and secretion, diabetes, and islet physiology.
miRNA Ghr Growth hormone receptor. Essential for maintaining pancreatic islet size and normal insulin sensitivity and glucose homeostasis [52] .
Asap1 Elovl4 Ppapdc2
Gtf2i General transcription factor II. Assists to overcome various insults and to sustain pancreatic beta-cell function [53] .
Brd3
Frmd5
Robo2
Isl1 Insulin gene enhancer protein ISL-1. Role in endocrine pancreatic development [54] . Reduction in Isl1 expression results in the impairment of insulin expression [55] .
Btg2
Gnptab
Rufy3
Pbx1 Pre-B-cell leukemia transcription factor 1. Development and function of pancreatic islets [56] .
Bzw1
Golt1b Sbk1 Pbx2 Pbx2-pre-B-cell leukemia transcription factor 2. Pancreatic development [57] .
Cnot2
Kif2a Son Ppargc1b Peroxisome-proliferative-activated receptor, gamma, coactivator 1 beta. Effect in insulin resistance and T2D [58] .
Coil
Med14
Trib2
Rgs16
Regulator of G-protein signaling 16. Control aspects of islet progenitor cell activation, differentiation, and beta-cell expansion in embryos and metabolically stressed adults [59] .
Dhx57
Mobkl3
Ubfd1 Vsnl1 Visinin-like protein1. A Ca 2+ sensor protein that regulates insulin secretion [60] . 8 Csnk2a1 Casein kinase 1. Regulation of insulin production in islets [74] .
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Calm3
Nudt4 Trib2 Etv1 Ets variant 1. It is regulated by Nkx2.2 during the major wave of pancreatic endocrine and exocrine cell differentiation [75] .
H3f3b
Ptprd Vezf1 Neurod1 Neurogenic differentiation 1. Conversion of pancreatic progenitor cells into endocrine cells [76] . Contribute to betacell-specific and glucose-responsive insulin gene transcription [77] . by miR-21 has been associated with attenuation of cytotoxic effects of oxidative stress and ischemia-reperfusion in cardiomyocytes [95, 96] , decreasing the proinflammatory effects of TLR4 signaling [94] , and also preventing type 1 diabetes in rodents [49] . Furthermore, miR-21 targets the Pclo gene which acts as a Ca 2+ sensor via formation of a cAMP-GEFII(Epac2)-Rim2 complex in PKA-independent cAMP insulin secretion. Pclo inhibition impairs cAMP insulin secretion [50] . Therefore, miR-21 has the ability to regulate genes such as Pclo and Pdcd4 that might affect β-cells in conflicting manner. On one hand, during inflammation miR-21 contributes to the impairment of islet cells function by interfering with insulin exocytosis via downregulation of Pclo. On the other hand, miR-21 could reduce cytokinemediated apoptosis in β-cells via downregulation of Pdcd4. Divergent effects have been also reported in islets treated with cytokines for mRNAs, such as STAT1 and IRF-1 [97] .
Collectively, our study and the results of previous reports regarding the effect of cytokines on gene expression in islet β-cells [25] [26] [27] 98] indicate that proinflammatory cytokines trigger a complex response resulting in modulation of the expression of islet mRNAs and miRNAs, which in some cases might affect the system in a seemingly contradictory fashion.
In the context of transplantation, it is likely that the final outcome of the cytokine effect on islet cells depends on the combination of factors, such as intensity and duration of exposure, and initial quality of the islet graft (i.e., viability).
In conclusion, we found a set of miRNAs that are regulated by inflammatory conditions in transplanted islets. In addition, the theoretical bioinformatics analysis identified potential genes that are directly regulated by these miRNAs. This information could be helpful for future studies of novel genes involved in inflammation-mediated β-cells dysfunction as well as for the development of new therapeutic applications.
